Background: Mitochondrial dysfunction has been implicated in the pathologies of a number of retinal degenerative diseases in both the outer and inner retina. In the outer retina, photoreceptors are particularly vulnerable to mutations affecting mitochondrial function due to their high energy demand and sensitivity to oxidative stress. However, it is unclear how defective mitochondrial biogenesis affects neural development and contributes to neural degeneration. In this report, we investigated the in vivo function of nuclear respiratory factor 1 (Nrf1), a major transcriptional regulator of mitochondrial biogenesis in both proliferating retinal progenitor cells (RPCs) and postmitotic rod photoreceptor cells (PRs).
Background
Mitochondrial biogenesis is a dynamic subcellular process through which existing mitochondria continuously import and integrate new proteins and lipids, replicate mitochondrial DNA (mtDNA), and fuse and divide upon environment changes. This process is intricately regulated to maintain a healthy mitochondrial network, essential for energy homeostasis, metabolism, signaling, and apoptosis. The vast majority of the~1500 proteins involved in mitochondrial structure and function are encoded by nuclear genes, which are regulated in concert with a set of transcriptional regulators, including peroxisome proliferative activated receptor gamma coactivator 1 (PGC-1) family members, nuclear respiratory factor 1 (Nrf1), and nuclear respiratory factor 2 (Nrf2/GABP) [1] [2] [3] [4] .
Nrf1 encodes an evolutionarily conserved transcription activator [5] [6] [7] [8] [9] . Nrf1 binds to GC-rich DNA elements in promoters of many nuclear genes required for mitochondrial biogenesis and respiratory function [9] [10] [11] . In primary cortical neurons, Nrf1 has been shown to co-regulate all cytochrome c oxidase (COX) subunits and several glutamatergic neurochemicals, implying that a Nrf1-mediated higher-order mechanism coordinately controls the expression of genes involved in neuronal activity and energy metabolism [12] [13] [14] [15] . In muscle, Nrf1 has been shown to be a direct PGC-1 target, the master regulator of mitochondrial biogenesis, whose dysfunction has been implicated in several neurodegenerative diseases, such as Parkinson's disease [1, 4] . In addition, Nrf1 plays a significant role in cell growth and proliferation. A recent study using chromatin immunoprecipitation sequencing (ChIP-seq) analysis identified 2470 potential Nrf1 targets in human neuroblastoma cells, indicating roles for Nrf1 in regulating genes for mitochondrial biogenesis and cell growth and in the pathogenesis of neurodegenerative diseases [16] . Interestingly, several genes involved in the glycolytic pathway, such as PFKB2, PGAM1, PGKM5, and ALDOA, were also found in this list, suggesting a possible Nrf1 role in reprogramming metabolic processes. Nrf1 also interacts with several proteins involved in different cellular functions. For example, it interacts directly with poly(ADP-ribose) polymerase 1 (PARP-1), and PARP-1 modulates Nrf1's DNA-binding domain for transcriptional regulation [17] . Dynein light chain was also shown to interact with NRF-1, although the functional significance remains unknown [18] .
Several in vivo studies have revealed distinct functions of Nrf1 in different developing organisms. In zebrafish, an insertional mutation in the Nrf1 locus caused a cell death phenotype in developing photoreceptors [7] . In Drosophila, the Nrf1 homolog gene erect wing (ewg) has been shown to regulate Hippo pathway activity in a neuronal subtype-specific manner to determine neuronal fate in developing retinas [19] . In mice, Nrf1-null embryos fail to maintain mtDNA and die between embryonic day 3.5 (E3.5) and 6.5 [20] . These studies offer insights into the understanding of Nrf1's in vivo function in different developmental systems and cellular context, but how Nrf1-regulated pathways function in retinal development and how they contribute to defective mitochondrial biogenesis to affect neural development and contribute to neural degeneration is unknown.
In this report, we studied the function of Nrf1 during mouse retinal development. We show that Nrf1 is expressed in proliferating retinal progenitor cells (RPCs) in embryonic retinas and enriched in retinal ganglion cells (RGCs) and rod photoreceptors cells (PRs), both of which consume large amounts of energy. Using cell-type-specific Nrf1 knockout mice, we demonstrate that Nrf1 controls cell proliferation in RPCs and the extension of neurite processes in developing retinal neurons. Nrf1-deficient embryonic retinas exhibited affected expression of genes involved in multiple cellular processes. In differentiated rod PRs, deleting Nrf1 caused abnormal mitochondrial morphology, deteriorated mitochondrial functions, abnormal photoreceptor inner and outer segments, and reduced electroretinography (ERG) activities. Eventually, mutant rod PRs completely degenerated. Together, these results demonstrate the crucial role of Nrf1-mediated mitochondrial biogenesis in retinal development and homeostasis and provide new insights into Nrf1 function in neurite outgrowth and metabolic reprogramming.
Methods

Gene targeting and animal breeding
A Nrf1-targeted embryonic stem (ES) clone was obtained from the knockout mouse project repository (http:// www.mousephenotype.org/data/alleles/MGI:1332235/tm1a (KOMP)Wtsi). This allele contains 2 loxP sites inserted into the third and fourth introns, and a FLP recombinase target (FRT)-site flanked T2A-LacZ-T2A-neomycin fusion cassette inserted into intron 3. Exon 4 in the floxed allele can be deleted by Cre-mediated recombination. ES cells were injected into B6(GC)-Tyrc-2 J/J blastocysts, and the injected blastocysts were transferred into C57/BL6 albino females. Chimeric males obtained by blastocyst injection were bred to wildtype B6(GC)-Tyrc-2 J/J females to generate the Nrf1 LacZ/+ allele, which was subsequently bred with a 17T17TRosa26-FLPeR0T17T0T17T 0T0Ttransgene to remove a LacZ-neomycin fusion cassette to generate a Nrf1 flox/+ allele (Fig. 1a) . PCR primers used to distinguish the Nrf1 flox allele from the wildtype allele were U5 (5'-CCAAGACTTGTATGCATTGGTCTCAG-3′) and U3 (5'-GCACTTCTGGCTCCATGGTCC-3′) (Fig. 1a, b) . PCR primers for Six3-Cre were Cre1 (5′-AACGAGTGA TGAGGTTCGCAAGAAC-3′) and Cre2 (5′-CGCT ATTTTCCATGAGTGAACGAACC-3′); and for Rho-iCre were iCre1 (5'-GGATGCCACCTCTGATGAAG-3′) and iCre2 (5'-CACACCATTCTTTCTGACCCG-3′). Embryos were designated as E0.5 at noon on the day in which vaginal plugs were observed. Both male and female mice were used in this study, and no differences were observed according to sex.
Histology, immunohistochemistry, X-gal staining, COX activity
Embryos or eyeballs dissected from mice were fixed in 4% paraformaldehyde at 4°C for 2 h or overnight, embedded in paraffin or optimal cutting temperature (OCT) compound, and sectioned into 7 μm thickness f/f ;Six3-Cre (g) retinal sections and on 6-week-old wildtype (h) and Nrf1 f/f ;Rho-iCre (i) retinal sections. Scale bars: 100 μm in C, 50 μm in d-i. ONL: outer nuclear layer. INL: inner nuclear layer. GCL: ganglion cell layer. WT: wildtype. NBL: neural blast layer for histological analysis. After dewaxing and rehydration, the sections were stained with Hematoxylin and Eosin.
For immunohistochemical analysis, cryo-or paraffin-embedded embryos or eyes were sectioned into 7 μm or 30 μm thickness. Sections were heat-treated in a microwave oven at 600 W in 10 mM sodium citrate for 15 min. The sections were blocked with 2% bovine serum albumin and 5% normal serum for 2 h at room temperature. The primary antibody was applied to the sections for 1-3 days at 4 o C. The primary antibodies used were mouse anti-Nrf1 (1:300, catalog #PCRP-NFR1-3D4; DSHB, The University of Iowa, Iowa City, IA), mouse anti-Isl1 (1:200, catalog# 37.3F7; DSHB), goat anti-Brn3/Pou4f2 (1:150, catalog #sc-6026; Santa Cruz Biotechnology, Dallas, TX), mouse anti-Pax6 (1:200, catalog #MAB5552; Chemicon, Burlington, MA), sheep anti-Chx10 (1:300, catalog #X1180P; Exalpha, Shirley, MA), rabbit anti-cleaved caspase-3 (1:300, catalog #9579; Cell Signaling, Danvers, MA), mouse anti-BrdU (1:10, catalog #05-633; Millipore, Burlington, MA), mouse anti-Phospho-Histone H3/PH3 (1:700, catalog #9706; Cell Signaling), rabbit anti-Cyclin D1 (1:300, catalog #MA1-39546; Thermo Fisher Scientific, Waltham, MA), mouse anti-rhodopsin (1:20, catalog #MS-1233-R7; Thermo Fisher Scientific), rabbit anti-cone arrestin (1:2000, catalog #AB16282; Millipore), and rabbit anti-Tfam (1:500, catalog #ab131607; Abcam, Cambridge, MA). Secondary antibodies conjugated with Alexa-488, 555 or 633 (Thermo Fisher Scientific) were used in 1:800 dilution. For indirect immunofluorescence, a tyramide signal amplification kit was used (PerkinElmer, Waltham, MA). HRP-conjugated secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA). DAPI (2.5 μg/ml, catalog #D1306; Thermo Fisher Scientific) was used to stain nuclei. Images were captured using Olympus (Tokyo, Japan) FluoView 1000 or Zeiss (Thornwood, NY) LSM 780 confocal microscopes. SimplePCI software (Hamamatsu Corporation, Sewickley, PA) was used to analyze the number of cells.
For X-gal staining, embryos or eyes were fixed in 10% formalin for 30 min, embedded in OCT compound, and sectioned into 30 μm thickness. Sections were dried at room temperature for 3 h, washed with wash buffer (0.1 M sodium phosphate containing 2 mM MgCl 2 , 0.01% deoxycholate, and 0.02% Nonidet P-40). LacZ color reaction was performed in wash buffer containing 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml X-gal at 37 o C overnight. Color reaction was terminated by incubation in 10% formalin for 10 min. Post-fixed sections were washed, dehydrated, and mounted with Cytoseal 60 (Thermo Fisher Scientific). Images were collected with a Canon EOS 10 digital camera (Melville, NY) mounted on an Olympus IX71 microscope.
Cytochrome c oxidase (COX) analysis was performed as described previously [21] with slight modifications. E13.5 embryonic heads from wildtype and Nrf1 f/ f ;Six3-Cre embryos or 6 week-old adult eyeballs from wildtype and Nrf1 f/f ;Rho-iCre were fixed in 10% formalin for 20 min at room temperature. Samples were washed in phosphate buffered saline (PBS) 3 times and embedded in OCT; 14 μm cryo-sections were collected. Sections were dried at 4 o C for 1 hour, rehydrated, and incubated in COX reacting solution (1× DAB, 100 μM cytochrome C, and 2 μg/ml bovine catalase in 0.1 M PBS, pH 7.0) at 37 o C. Color reactions were terminated by incubating in 10% formalin for 10 min. Post-fixed sections were washed, dehydrated, and mounted with Cytoseal 60. Images were collected as described for X-gal staining.
BrdU labeling and TUNEL assays
Terminal deoxynucleotidyl transferase dUTP nick end label (TUNEL) assays were performed using an in situ cell death detection kit (Roche, Pleasanton, CA). For pulse labeling with BrdU, 0.1 mg per body gram of BrdU (Sigma, St. Louis, MO) was injected intraperitoneally into pregnant females 1 h before embryo collection.
RNA sequencing analysis
Eighteen retinas from wildtype and Nrf1 f/f ;Six3-Cre embryos at E13.5 of multiple littermates were pooled, and RNA was extracted using TRI reagent (Sigma) and purified with a Pure Link RNA mini kit (Thermo Fisher Scientific). RNA sequencing (RNA-seq) was performed in the Sequencing and Microarray Core Resource Facility at The University of Texas MD Anderson Cancer Center. RNAs were treated with DNase, and cDNAs were synthesized using a cDNA synthesis kit (NuGen, San Carlos, CA). One hundred nt paired-end reads were obtained using an Illumina HiSeq 3000 Next Generation Sequencing instrument (San Diego, CA). The RNA-seq experiment was duplicated, thus making statistical comparisons possible, although there is still a lack of statistical power. The RNA-seq reads were mapped to the mouse genome (mm10) via the Tophat 2.7.2 program. We performed QC and sum counts (reads) for each gene using HTseq. The differential expression analyses were performed by Cuffdiff software. Nrf1-dependent genes (fold change ≥ 1.4; adjusted P-value ≤ 0.2) were analyzed with DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/home.jsp). The raw datasets and normalized count data for each gene have been deposited in NCBI (GSE101550).
Retinal explant culture
Retinal explant culture was described previously [22] . In brief, retinas were isolated from E13.5 wildtype and Nrf1 f/f ;Six3-Cre embryos and cut in 4 pieces, then placed on laminin-coated coverslips and cultured in Neurobasal media containing N2 supplement and penicillinstreptomycin (Thermo Fisher Science). Images were examined and collected using an Olympus IX-70 inverted microscope.
In situ hybridization
Embryo heads from wildtype and Nrf1 f/f ;Six3-Cre at E13.5 were dissected and fixed in fresh 10% neutral buffered formalin for 24 h. Samples were washed with PBS then dehydrated with serial ethanol and embedded in paraffin. Sections were cut to 7 μm or 10 μm in thickness. In situ hybridization was performed as described previously [23] . Antisense Idh1 (957 bp) and Ldha (950 bp) probes were cloned by reverse transcriptase PCR using Idh1 probe F (5'-AGGTTCTGTGGTGG AGATGC-3′), Idh1 probe R (5'-GACGTCTCTTGCCC TTTCTG-3′), Ldha probe F (5'-TCCGTTACCTGATG GGAGAG-3′) and Ldha probe R (5'-ACACTTGGG TGGTTGGTTCC-3′). RNAscope in situ hybridization (ISH) was performed using the RNAscope 2.5 HD Detection Reagents-Brown kit following manufacturer's protocol (cat# 322310, Advanced Cell Diagnostics, Newark, CA). According to instructions, each mRNA molecule hybridized to a probe appears as a separate brown color dot. The probes used were mouse Cpt1a-C1 (cat# 443071) and mouse Slc16a1-C1 (cat# 423661).
Quantitative reverse transcriptase PCR (qRT-PCR)
Eight retinas from wildtype or Nrf1 f/f ;Six3-Cre embryos at E13.5 or one retina from wildtype or Nrf1 f/f ; Rho-iCre at 6 weeks old of multiple littermates were pooled, and RNAs were extracted using TRI reagent (Sigma). First-strand cDNA was synthesized using the Superscript III First-Strand Synthesis System (Thermo Fisher Scientific). Real-time PCR was performed using CFX Connect Real-Time System (BioRad, Hercules, CA) with SsoAdvanced Universal SYBR Green Supermix (BioRad). Relative RNA levels were normalized to that of β-actin. Sequences of PCR primers are listed in Table 1 .
Transmission electron microscopy
Eyeballs were fixed with 3% glutaraldehyde and 2% paraformaldehyde overnight at 4°C. Retinas were washed and treated with 0.1% cacodylate-buffered tannic acid, post-fixed with 1% osmium tetroxide, stained en bloc with 1% uranyl acetate, and dehydrated with an ethanol gradient series. The samples were embedded in epon and sectioned with a JLB ultracut microtome (Leica, Wetzlar, Germany). Images were examined with a JEM 1010 REM (JEOL, Peabody, MA) and collected digitally. Fiji was used to analyze the size and circularity of inner segment (IS) and mitochondria [24] .
Mitochondrial DNA quantitation
Quantification of the relative copy number of mitochondrial DNA present per nuclear genome was performed as previously described [25] . Mitochondrial DNA and genomic Pecam DNA were amplified and analyzed by quantitative PCR (ΔΔC(t) method). PCR primers used to amplify mitochondrial DNA were mtDNAf (5'-CCTA TCACCCTTGCCATCAT-3′) and mtDNAr (5'-GAGG CTGTTGCTTGTGTGAC-3′). PCR primers to amplify nuclear DNA were Pecamf (5'-ATGGAAAGCCTGCCATCAT G-3′) and Pecamr (5'-TCCTTGTTGTTCAGCATCAC-3′).
Electroretinography (ERG)
Mice were dark-adapted overnight and then anesthetized under infrared illumination by ketamine/xylazine/acepromazine through intraperitoneal injection (94/5/1 mg/ kg), and pupils were dilated with 1% tropicamide and 2.5% phenylephrine topical eye drops (Bausch & Lomb, Tampa, FL). Body temperature was maintained at 35°C to 37°C by circulating 43.5°C water through a plastic heating coil wrapped around the body. Stimulusdependent transcorneal potential changes from both eyes were recorded simultaneously (UTAS BigShot system; LKC Technologies, Gaithersburg, MD) following the delivery of a white light flash with an intensity of 25 Candela sec m −2 , as described previously [26] . The interstimulus interval was 120 s, and responses from 3 independent measurements were averaged and analyzed. Photopic ERG recordings ensued immediately after scotopic recordings by exposing the animals to a white background light of 30 Candela m −2 for 10 min. Transcorneal potential changes were then elicited by flashes of 25 Candela sec m −2 in intensity and presented at 1 Hz for 90 s, averaged, and then analyzed. A typical recording session lasted 1 h, and 5 μl of sterile-filtered PBS was applied every 20 min to ensure good electrical contact and delay the formation of corneal clouding and cataract. f ;Rho-iCre) were used for the study. Five littermates per genotype were sacrificed, and 4 sections from the central area of each retina were stained. One representative section from each sample was used to count the number of rows of photoreceptors at each study time point (3, 6, 7, and 8 weeks). For electron microscopy analysis, 2 pairs of wildtype and Nrf1 f/f ;Rho-iCre littermates were used. Images were collected from both mouse retinas. Four images of the IS of each genotype were used to quantify the shape and size of the IS and number of mitochondria. For ERG, 3 pairs of wildtype and Nrf1 f/f ;Rho-iCre littermates were used.
Statistical analysis
All data are presented as mean ± standard deviation for each genotype. For all comparisons between genotypes, a two-tailed two-sample student's t-test was used for all measurements. Results were considered significant when P < 0.05. Statistical tests were conducted using Excel (Microsoft, Redmond, WA).
Results
Nrf1 expression in the developing retina
To determine the expression and function of Nrf1 in the retina, we generated Nrf1
LacZ and Nrf1 flox targeted mouse lines (Fig. 1a, b) . The Nrf1
LacZ knock-in allele contains a LacZ cassette, which was used to trace the spatiotemporal expression of Nrf1. We first examined the expression of Nrf1 in developing and adult retinas. In E13.5 developing retinas, strong LacZ activity was detected near the apical and basal layers of the neural retina, suggesting Nrf1 is highly expressed in developing RGCs and photoreceptor precursor cells (Fig. 1c) . Notably, weaker LacZ activity could also be detected in the neuroblast layer where proliferating RPCs and postmitotic precursor cells reside (Fig.  1c) . Along the developmental progression, a similar pattern of LacZ expression was observed in E16.5 and P0 retinas (data not shown). In adult retinas, robust LacZ activity was observed in the ganglion cell layer and outer nuclear layer (ONL), where the metabolic activity is high (Fig. 1d ) [27] , while a moderate level of LacZ activity was observed in the inner nuclear layer (INL). The dynamic expression pattern of Nrf1 in both developing and mature retinas suggests that Nrf1 may play multiple roles in proliferating RPCs in the developing retina and in the differentiated retinal neurons.
To determine the functions of Nrf1 in RPCs and differentiated retinal neurons, we performed conditional knockout of Nrf1 by breeding the Nrf1 flox allele with either Six3-Cre to delete Nrf1 in the proliferating RPCs or with Rho-iCre to delete Nrf1 in the rod PRs, respectively (Fig. 1e) . During retinal development, the Six3-Cre transgenic line begins to activate Cre expression in the central retina at E11 [28] , and the Rho-iCre transgenic line starts to activate Cre activity in differentiated rod PRs at P7 [26] . By immunostaining, Nrf1 protein was detected in developing RGCs and photoreceptor precursor cells, as well as in the neuroblast layer at E13.5 ( Fig. 1f ) and in cells in all nuclear layers in adult retinas (Fig. 1h) . Consistent with the onset of Cre expression in both lines, the expression of Nrf1 protein was completely abolished in the central Nrf1 f/f ; Six3-Cre retina (compare Fig. 1f and g ) and in the rod PRs of Nrf1 f/f ; Rho-iCre retinas (compare Fig. 1h and g ) respectively, suggesting effective conditional deletion of Nrf1 in RPCs by Six3-Cre or in rod PRs by Rho-iCre.
Deleting Nrf1 in RPCs causes RGC loss and retinal degeneration
To determine whether deleting Nrf1 in embryonic retinas affects retinal development, we first examined the histology and morphology of Six3-Cre-mediated Nrf1 mutant retinas (Nrf1 f/f ;Six3-Cre) at different developmental stages. At E16.5, Nrf1 f/f ; Six3-Cre retinas were substantially smaller and thinner than those of the wildtype retinas (Fig. 2a, b) , causing a large sub-retinal space between the retina and the pigmented epithelium. The central regions of Nrf1 f/f ;Six3-Cre retinas near the optic disc were completely disrupted and acellular (arrowheads in Fig. 2b ). At P20, Nrf1 f/f ;Six3-Cre retinas were relatively thinner than those of wildtype retinas. Decreased cell numbers in all cellular layers were observed with near complete abolishment of RGCs. Although the stereotypic laminar structure was retained in Nrf1-mutant retinas, the cells in each laminar layer were not properly aligned as in control retinas (Fig. 2c, d ). In 7-month-old Nrf1 f/f ;Six3-Cre retinas, the number of retinal cells was further reduced, and the laminar layers were completely disrupted (Fig. 2e, f ) . The surface of the whole retina from Nrf1 f/f ;Six3-Cre was much smaller, underlying only a limited area near the optic disc in the eyeball (Fig. 2g, h ). There were no visible optic nerves or optic chiasms in Nrf1 f/f ;Six3-Cre mice (Fig. 2i, j) . These data suggest that deleting Nrf1 in RPCs causes substantial RGC loss followed by the degeneration of the entire retina.
Delayed RGC differentiation, defective RGC migration, and apoptotic RGCs in Nrf1 f/f ;Six3-Cre retinas Because a significant loss of RGCs was seen in Nrf1 f/ f ;Six3-Cre retinas, we examined whether and how the RGC differentiation program was affected. RGCs are the first retinal cell type to differentiate from Atoh7-expressing precursor cells during retinogenesis. RGC differentiation is marked by the onset of Pou4f2 and Isl1 expression in the central retina around E12 [29, 30] . To determine when RGCs began to differentiate in Nrf1 f/f ;Six3-Cre retina, we monitored Isl1 and Pou4f2 expression by immunostaining at different embryonic stages.
In E12.5 wildtype retinas, while the newly differentiated Isl1+ RGCs could be readily detected in the central retina (Fig. 3a) , only a few Isl1+ cells were present in Nrf1 mutant retinas (Fig. 3b) . At E14.5, while differentiating Pou4f2+ RGCs were widespread across the neuroblast and ganglion cell layers in wildtype retinas (Fig. 3c) , fewer Pou4f2+ RGCs were detected in Nrf1 mutant retinas (Fig.  3d) . No clear ganglion cell layer could be seen in Nrf1 mutant retinas. Furthermore, Pou4f2+ RGCs were distributed unevenly and formed patched clumps in the central region of the mutant retina (arrowheads in Fig. 3d ). In E16.5 wildtype retinas, a distinct ganglion cell layer was formed, and newly differentiated Pou4f2+ RGCs were seen in the neuroblast layer (Fig. 3e) . In contrast, a much thinner ganglion cell layer was observed in Nrf1 f/f ;Six3-Cre retinas, and Pou4f2+ RGCs were spread to the peripheral region (Fig. 3f) . Together, these data suggest that RGC differentiation was delayed, and newly differentiated RGCs had defects in migrating toward the vitreous layer in the Nrf1 f/ f ;Six3-Cre retinas.
To detect RPCs, wildtype and Nrf1 f/f ;Six3-Cre retinal sections were immunolabeled with anti-Pax6 or Chx10 antibodies ( Fig. 4a-d ). Pax6 and Chx10 were expressed in both wildtype and Nrf1 f/f ;Six3-Cre retinas. However, Pax6+ or Chx10+ RPCs were unevenly distributed in the central region of Nrf1 f/f retinas compared to the peripheral region (Fig. 4b, d) . Interestingly, several clumps of RPCs lacking Pax6 expression were formed in Nrf1 mutant retinas, and the nuclei of these Pax6-negative cells appeared granulated, suggesting these were cells undergoing apoptosis (Fig. 4b, b' , b′′) . Similarly, mis-patterned Chx10 expression and granular-shaped nuclei were observed in the central region of Nrf1 f/f ;Six3-Cre retinas (Fig. 4d, d' , d′′) . Consistently, Nrf1 f/f ;Six3-Cre retinas contained significantly more apoptotic cells than wildtype retinas (Fig. 5a, b) . The majority of apoptotic cells were found in the central region of Nrf1-mutant retinas. In addition, these apoptotic cells (marked by cleaved caspase 3 expression) were Pou4f2+ ( Fig. 5c-e) , indicating that ganglion cells had differentiated but could not migrate to the RGC layer and eventually died in situ.
Severe reduction of proliferation in Nrf1 f/f ;Six3-Cre retina
The Nrf1 f/f ;Six3-Cre retina was substantially smaller and thinner than the wildtype retina, suggesting that the proliferation of RPCs in the Nrf1-mutant retina was compromised. To examine this phenotype, wildtype and Nrf1 f/ f ;Six3-Cre retinas were immuno-labeled with several cell cycle markers. To detect S-phase proliferating RPCs, we pulse-labeled E13.5 embryos with BrdU and then conducted immunostaining using anti-BrdU antibody on retinal sections. We counted the number of BrdU+ cells in ;Six3-Cre retinas compared to wildtype retinas (Fig. 6a-c , P = 0.0009). We then conducted immunostaining using anti-PH3 and anti-cyclin D1 (Ccnd1) antibodies on retinal sections to detect RPCs in M-phase and G1-phase, respectively. The number of PH3+ M-phase RPCs per section from Nrf1 f/ f ;Six3-Cre was also reduced to~50% compared to wildtype retinas (Fig. 6d-f , P = 0.002), and Ccnd1+ RPCs were nearly absent in the central region of Nrf1-mutant retinas (Fig. 6g,  h ). The PH3+ RPCs in the Nrf1-mutants were not properly positioned at the apical side as in control retinas (Fig. 6d,  e) . In addition, using qRT-PCR, we found that the expression levels of Ccnd1 were reduced to~10% in Nrf1-mutant retinas compared with wildtype retina, and Gli1, the key downstream effector of Shh pathway in RPCs [31, 32] , was reduced to~30% (Fig. 6i , Ccnd1: P = 0.001, Gli1: P = 0.006). Other Shh pathway genes, such as Shh and Ptch1, were also downregulated in Nrf1-mutant retinas (in GSE101550 dataset described in next section). Together, these data indicate that the RPC proliferation is reduced in Nrf1-mutant retinas.
Identification of Nrf1-dependent retina-expressed genes at E13.5
To further investigate how Nrf1 regulates retinal development, we performed RNA-seq analysis on E13. ;Six3-Cre retinas. The data discussed here have been deposited in NCBI's Gene Expression Omnibus [33] and are accessible through GEO Series accession number GSE101550 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GS E101550). The analysis revealed 488 downregulated and 595 upregulated genes in Nrf1-mutant retinas compared to control retinas. We first conducted qRT-PCR analysis on the 22 most affected genes (14 down-and 8 up-regulated) and found that their relative expression levels between the E13.5 control and Nrf1-mutant retinas are consistent with the RNA-seq output, demonstrating the reliability of the RNA-seq data (Fig. 7a) . Using gene ontology for biological process analysis (GO-BP) of these gene lists, the top 5 categories of the downregulated genes are genes involved in nervous system development, neurogenesis, neuron differentiation, generation of neurons, and neuron projection development (Table 2) , and the upregulated genes are involved in cell adhesion, biological adhesion, regulation of cell projection, angiogenesis, and positive regulation of developmental process (Table 3) .
Since severe RGC loss was observed in Nrf1 f/f ;Six3-Cre retinas, we expected that RGC gene expression would be reduced in Nrf1-deficient retinas. Atoh7 is a key factor essential for RGC development. RNA-seq data revealed that Atoh7 expression was slightly reduced by~19.5% in Nrf1-mutant retinas; however, Atoh7-expressing precursor cells can be readily detected in Nrf1-mutant retinas (data not shown), suggesting that the RGC loss phenotype is mainly due to a defective RGC differentiation process. Transcriptome analysis comparing Atoh7+ RPCs and Atoh7-negative cells in E13.5 has revealed 236 genes with altered expression levels [34] . We compared the 488 genes that are downregulated in Nrf1 f/f ;Six3-Cre retinas with the 236 genes enriched in Atoh7+ RPCs and found 121 common genes ( Table 4 ). The majority of these genes were expressed in RGCs, including Pou4f1, Pou4f2, Isl1, and Myt1, which are known to be expressed in differentiating RGCs [35] . In addition, 41 genes ;Six3-Cre embryos to examine axonal outgrowth. Consistent with the RNA-seq analysis, we found that retinal explants from Nrf1 f/f ;Six3-Cre embryos failed to form and extend well-bundled axons as in wildtype explants (Fig. 7b, c) , indicating an important function for Nrf1 in regulating genes involved in neurite outgrowth.
Altered expression of genes associated with mitochondrial function and energy production in Nrf1 f/f ;Six3-Cre retinas Because Nrf1 is a key regulator of nuclear-encoded genes involved in mitochondrial functions, we then tested whether genes involved in mitochondrial functions were altered in Nrf1-deficient retinas. By comparing the gene list in MitoCarta 2.0 [37, 38] , we revealed a subset of genes with altered expression levels in Nrf1-mutant retinas, and color-coded and mapped them to various functional subdomains in the mitochondria (Fig. 7d) . In addition, 5 glycolysis genes with affected expression levels in Nrf1-deficient retinas were identified (Fig. 7e, q) . For example, mRNA levels of cytochrome c oxidase subunit 4i2 (Cox4i2) in Nrf1-mutant retinas were reduced to~44% of those in wildtype retinas. We tested mitochondrial respiratory activity in Nrf1 f/ f ;Six3-Cre retinas by examining the histochemical activity of COX. Intense COX activity was detected in RGCs (arrowhead in Fig. 7f ) and the outermost area of retina where photoreceptor precursors resided (arrow in Fig. 7f ). In contrast, COX activity was diminished to background levels in the Nrf1 f/f ;Six3-Cre retina (Fig. 7g) . We then performed qRT-PCR analysis on a small, selected set of these affected genes and found that the levels of expression of all of them were consistent with the RNA-seq data (Fig. 7h , Cox4i2: P = 0.038, Idh: P = 0.0001, Dna2: P = 0.003, Gdap1: P = 0.002, Shmt2: P = 0.003, Cpt1a: P = 0.0001, Sardh: P = 0.003, Ucp2: P = 0.013, Pmaip1: P = 0.048, Rab32: P = 0.014).
Furthermore, we performed in situ hybridization (ISH) for several genes whose expression was either upregulated (Cpt1a and Slc16a1) or downregulated (Idh1, Ldha) in Nrf1 mutants by RNA-seq analysis. Cpt1a, encoding carnitine palmitoyltransferase 1a, is involved in lipid transfer in mitochondria. In E13.5 wildtype retinas, Cpt1a was expressed at extremely low levels, barely detectable even by ultrasensitive RNAscope ISH (Fig. 7i) . In Nrf1-mutant retinas, weak but detectable Cpta1 transcripts were visible in the central retina (arrowheads in Fig. 7j ). Slc16a1, encoding solute carrier family 16 (monocarboxylic acid transporters) member 1, is involved in lactate/pyruvate transport in mitochondria. (Fig. 7k, l) . Idh1, encoding isocitrate dehydrogenase 1, was highly expressed in RGCs in wildtype retinas, whereas its expression was drastically reduced in Nrf1 f/f ;Six3-Cre retinas (Fig. 7m, n) . Ldha, encoding lactate dehydrogenase A, which catalyzes the conversion of lactate to pyruvate in the glycolysis pathway, was highly expressed in RPCs in wildtype retinas but downregulated in Nrf1 f/ f ;Six3-Cre retinas (Fig. 7o, p) . To confirm the effect of Nrf1 deletion on the 5 genes involved in the glycolysis pathway, we performed qRT-PCR analysis for these 5 glycolysis-associated genes (Fig. 7q , Ldha: P = 0.0003, HK1: f/f ;Six3-Cre retinas. Scale bars: 100 μm in f and g, 20 μm in insets and 50 μm in i-j. WT: wildtype P = 0.0001, Pfkp: P = 0.018, Tpi1: P = 0.049, Pgam2: P = 0.0005) and confirmed that expression levels of these genes were indeed affected as revealed by RNA-seq analysis. These data indicate that Nrf1 is important in regulating various metabolic pathways, including lipid metabolism, glycolysis, and oxidative phosphorylation, during retinal development.
Deleting Nrf1 in rod photoreceptors caused complete rod degeneration
To investigate the in vivo function of Nrf1 in differentiated neurons, we choose to use rod PRs as a model system, because rod PRs are the major neuronal type in the retina, and a large number of genetic mutations causing PR degeneration have been identified [39] . We bred a Rho-iCre transgenic mouse line with mice harboring Nrf1 flox allele to delete Nrf1 in the photoreceptor cells. Prior to 6 weeks of age, Nrf1 f/f ;Rho-iCre retinas did not show any sign of histological phenotype compared with wildtype retinas (Fig. 8a, b) . Starting from 8 weeks, the thickness of the ONLs in the Nrf1 f/f ;Rho-iCre retinas was notably thinner than that in the control retinas (Fig. 8c, d) , and the number of PRs decreased to 50% of that in wildtype retinas (Fig. 8m, 3 weeks: P = 0.373, 6 weeks: P = 0.070, 7 weeks: P = 0.001, 8 weeks: P = 0.0001). At 5 months, the ONLs had almost disappeared (Fig. 8e, f ) .
To determine whether cone photoreceptors were also affected in rod-Nrf1-mutants, we immunolabeled wildtype and ;Rho-iCre retinas with rod-specific rhodopsin and cone-specific arrestin (CAR). At 6 weeks of age, rhodopsin was enriched in the outer segments (OSs) of rod PRs. We observed slightly upregulated rhodopsin in Nrf1 f/f ;Rho-iCre retinas compared to wildtype retinas. There was no difference in numbers of CAR+ cells between control and mutant retinas. OSs and ISs were shorter in Nrf1 f/f ;Rho-iCre retinas than in wildtype retinas (Fig. 8g, h ). In 8-week-old retinas, rhodopsin+ PRs in Nrf1 f/f ;Rho-iCre retinas were reduced tõ 30% of wildtype retinas, while strong rhodopsin staining was detected in ONLs of Nrf1 f/f ;Rho-iCre retinas (Fig. 8i, j) . At this stage, the number of cone photoreceptor cells was also reduced in Nrf1 f/f ;Rho-iCre retinas compared with wildtype retinas (Fig. 8i, j) . In 5-month-old mutant retinas, no rhodopsin+ PRs were detected, while the few remaining cone photoreceptors formed a single column in the ONLs without the distinguishable normal cone-shaped morphology (Fig. 8k, l) . Since rod PRs are required for cone survival [40, 41] , the cone degeneration in Nrf1 f/f ;Rho-iCre retinas was likely secondary to rod PR degeneration. These results clearly indicate that Nrf1 is essential for the survival of photoreceptor cells.
Abnormal mitochondrial morphology and impaired mitochondrial functions in Nrf1
f/f ;Rho-iCre inner segments
To examine how Nrf1 deletion affected mitochondria in rod PRs, we used transmission electron microscopy to ;Rho-iCre retinas, when the ISs had not yet degenerated. We collected transmission electron microscopy images of ISs from wildtype Nrf1 f/f ;Rho-iCre photoreceptors and analyzed with Fiji for the circularity of IS, size of IS, and number of mitochondria. We found that the ISs in Nrf1 f/f ;Rho-iCre retinas were slightly wider than the wildtype ISs (Fig. 9a-c, P = 0.002) , resulting in a~40% increase in size compared to wildtype retinas (Fig. 9d, P = 0.008) . The number of mitochondria in a Nrf1 f/f ;Rho-iCre IS section was 2.5 times than that of wildtype ( Fig. 9e, P = 0.003) . The mitochondria in the Nrf1 f/f ;Rho-iCre ISs were notably smaller and displayed a more rounded shape compared to mitochondria in the control retinas and were more widely distributed within the ISs (Fig. 9a, b) . A cluster of mitochondria was observed near the outer limiting membranes while no mitochondria were present in the same area in the wildtype ISs (asterisks in Fig. 9b ). We also noticed that the OSs in Nrf1 f/f ;Rho-iCre photoreceptors were shorter than that of the controls (Fig. 9f, g ).
Nuclear-encoded mitochondrial transcription factor A (Tfam/mtTFA), a key regulator of mitochondrial transcription and mitochondrial genome replication, is a known downstream target of Nrf1 [42] . To examine whether Tfam was affected in Nrf1-deficient rod PRs, we inspected Tfam expression by immunostaining and found that Tfam expression was abolished in Nrf1 f/f ;Rho-iCre ISs whereas strong expression of Tfam was observed in the wildtype ISs (Fig. 9h, i) . Abnormalities in the number, morphology, and distribution of mitochondria, and the downregulation of a key mitochondrial regulator Tfam in Nrf1 f/f ;Rho-iCre ISs prompted us to determine whether mitochondrial function was compromised. We performed a COX assay to examine the mitochondrial enzymatic activity. As expected, COX activity was weaker in Nrf1 f/ f ;Rho-iCre ISs compared with wildtype ISs (Fig. 9j, k) . Furthermore, we tested whether the expression levels of genes involved in mitochondrial fusion were affected in Nrf1 f/ f ;Rho-iCre retinas. Mitofusion-1 (Mfn1), Mfn2, and Optic Atrophy 1 (Opa1) are key mitochondrial proteins mediating mitochondrial fusion [43] [44] [45] . Deletion of Mfn1 and Mfn2 in skeletal muscle results in reduction of mtDNA and respiratory deficiencies [25] . We performed qRT-PCR to compare mRNA expression levels of Mfn1, Mfn2, and Opa1 in 6-week-old wildtype and Nrf1 f/f ;Rho-iCre retinas. In Nrf1 f/f ;Rho-iCre retinas, Mfn1, Mfn2, and Opa1 levels decreased to~50% of wildtype retinas (Fig. 9l , Mfn1: P = 0.0009, Mfn2: P = 0.0002, Opa1: P = 0.0002). In addition, the copy numbers of mtDNA in Nrf1 f/f ;Rho-iCre retinas was~38% compared to that of wildtype retinas (Fig. 9m) , consistent with Tfam's role as a major regulator of mtDNA replication and mitochondrial transcription. ;Rho-iCre retinas displayed severe rod degeneration followed by cone degeneration, we set out to track outer retina function using electroretinography (ERG). Dark-adapted wildtype and Nrf1 f/f ;Rho-iCre mice were exposed to calibrated light flashes for ERG recording. The scotopic a-wave amplitudes of Nrf1 f/f ;Rho-iCre mice were similar to those of wildtype before 5 weeks of age, began to decline at 6 weeks, and had completely diminished by 3 months (Fig. 9n, 4 weeks: P = 0.3101, 5 weeks: P = 0.4548. Six weeks: P = 1.6988E-05, 7 weeks: P = 3.0756E-09, 8 weeks: P = 9.7899E-12, 9 weeks: P = 2.7743E-16, 10 weeks: P = 9.8167E-05, 11 weeks: P = 0.00497). Photopic ERG b-wave amplitudes from light-adapted wildtype and Nrf1 f/f ;Rho-iCre mice were similar before 7 weeks of age, started to decline noticeably at 8 weeks, and were undetectable beyond 10 weeks (Fig. 9o, 5 week: P = 0.7052, 6 weeks: P = 0.2420, 7 weeks: P = 0.4169, 8 weeks: P = 0.0522, 9 weeks: P = 8.0496E-05, 10 weeks: P = 0.0002, 11 weeks: P = 6.8768E-05). These data indicate that PR functional loss precedes morphological defects and further demonstrate that deleting Nrf1 in rod PRs causes abnormal mitochondria and impaired mitochondrial function, resulting in reduced outer retina activity and eventual complete photoreceptor loss.
Discussion
Functional mitochondrial biogenesis is essential for energy metabolism, calcium homeostasis, the biosynthesis of amino acids, cholesterol, and phospholipids, elimination of excessive reactive oxygen species, and apoptosis. Nrf1 was identified as a major transcriptional regulator that connects the regulation of nuclear-encoded genes and mitochondrial biogenesis and has been implicated in the pathology of several neurodegenerative diseases [16, 46] . However, little is known about its role in central nervous system development because of the lack of an appropriate animal model. To fill this gap of knowledge, we generated Nrf1 conditional knockout mouse models and used these mouse lines to conduct the first comprehensive in vivo study to delineate various roles of Nrf1 in proliferating neural progenitor cells, newly differentiated RGCs, and terminally differentiated rod PRs.
Previous studies have provided evidence for Nrf1's role in cell growth and proliferation. For example, a genome-wide ChIP-chip study has revealed that Nrf1 binds and regulates a number of E2F-targeted genes involved in DNA replication and repair, mitosis and chromosome dynamics, and metabolism [47] . A ChIP-seq study using SK-N-SH human neuroblastoma cells has revealed that Nrf1 target genes contain genes associated with cell cycle regulation [16] . Cyclin D1-dependent kinase phosphorylates Nrf1 and inhibits its transcriptional activity [48] . Nrf1-deleted mouse embryos die during the peri-implantation stage between embryonic days 3.5 and 6.5 in part due to reduced cell ;Rho-iCre littermates under dark-adapted (scotopic, n) and light-adapted (photopic, o) conditions. Scale bars: 1 μm in a, b, f and g, 10 μm in h-k. OLM: outer limiting membrane. OS: outer segment. IS: inner segment. ONL: outer nuclear layer. WT: wildtype proliferation [20] . In our study, we showed that deleting Nrf1 in the proliferating RPCs reduced cell proliferation indices in the developing retina. The few surviving RPCs that exited the cell cycle and differentiated into RGCs failed to migrate from the neuroblast layer to the ganglion cell layer. Using RNA-seq analysis, we discovered that genes involved in neurite outgrowth are significantly downregulated in Nrf1-deficient retinas. Consistent with the RNA-seq data, we demonstrated that neurite outgrowth activity was reduced in Nrf1-deleted retinal explants compared to control explants. Although we cannot exclude the possibility that the RGC migration and neurite outgrowth phenotypes seen in Nrf1-mutants are caused indirectly by defective mitochondria, a recent study on a RPC-specific knockout of Ronin, a key transcriptional regulator for mitochondrial gene expression and RPC proliferation, has shown that conditionally deleting Ronin in RPCs causes defective mitochondrial function and premature cell cycle exit in RPCs, leading to the generation of more RGCs [49] . Interestingly, these extra, newly differentiated RGCs survive and do not display any defects as observed in Nrf1-mutants, suggesting that Nrf1 directly regulates subsets of genes for RGC migration and neurite outgrowth during retinal development. Together this in vivo and ex vivo evidence supports the previous findings that Nrf1 is essential for cell growth, proliferation, and neurite outgrowth [50] .
In the developing mouse retina, the proliferating RPCs and the terminally differentiated retinal neurons adopt different metabolic pathways for energy production. In RPCs, aerobic glycolysis is a predominant way to produce ATP, whereas oxidative phosphorylation is utilized in differentiated neurons [51] . Such a transition is observed in many developmental systems, suggesting that the reconfiguration of energy metabolic pathways is likely intricately mapped onto the regulatory networks controlling cell cycle progression and differentiation. In Nrf1-mutant retinas, Ldha, which encodes the enzyme that converts pyruvate to lactate and generates the nicotinamide adenine dinucleotide (NAD+) necessary for aerobic glycolysis [52] , was significantly downregulated. Additionally, several glycolytic pathway genes were also downregulated in Nrf1-mutant RPCs, suggesting that Nrf1-mutant RPCs may shift to utilize oxidative phosphorylation to produce energy. Consistent with this, pyruvate dehydrogenase kinase isoenzyme 1 (Pdk1), a metabolic checkpoint enzyme that inactivates pyruvate dehydrogenase, was also downregulated in Nrf1 mutant RPCs. Hence the increased pyruvate dehydrogenase activity would enable pyruvate to enter the tricarboxylic acid cycle. Despite Nrf1's known function as a transcriptional activator, a subset of genes carrying out various mitochondrial functions, and Pgam2, encoding phosphoglycerate mutase which is involved in glycolysis, are upregulated in Nrf1-mutant retinas. Among them we observed the upregulation of Cpt1a and Slc16a1 in mutant RPCs. It is currently unknown whether Nrf1 functions as a repressor that directly modulates the transcriptional levels of these genes or if deleting Nrf1 indirectly leads to reprogramming in their transcriptional regulatory regions in RPCs. Nevertheless, these data taken together implicate Nrf1 in a regulatory role to enable RPCs to alter their metabolic program and advance to a committed neuronal fate. Although the molecular mechanism regulating the metabolic transition is currently unclear, the potential roles of metabolites in epigenetic control at several levels, including DNA methylation/demethylation and histone modifications, could influence the cellular state and fate [53] . Interestingly, a recent study showed that in vivo Nrf1 binding to its target sites is inhibited by de novo DNA methylation, and active demethylation and obstruction of de novo methylation through the binding of methylation-insensitive transcription factors could de-methylate the nearby genome, thus restoring Nrf1 binding and transcriptional activity [54] . Future research is required to uncover and compare the in vivo occupancy of Nrf1 and the methylome in proliferating RPCs and differentiated rod photoreceptors to determine whether this novel mechanism is actively utilized by Nrf1 and co-regulators in regulating metabolic transition.
The discovery of nuclear-encoded mitochondrial transcription factor A (Tfam/mtTFA) as a target of Nrf1 established the regulatory link between nuclear and mitochondrial gene expression [42] . In wildtype retinal photoreceptors, Tfam was transported to and enriched in the ISs, but its expression was undetectable in 6-week-old Nrf1-mutant ISs, confirming that Tfam is a bona fide in vivo target of Nrf1. The small, rounded mitochondrial morphology and the increased number of mitochondria seen in the ISs in Nrf1-deficient rods suggest that the normal mitochondrial fusion/fission processes are defective in Nrf1-mutant rods. Continuous mitochondrial fusion and fission are essential for maintaining a functional mitochondrial network to ensure sufficient exchange of mitochondrial contents, which might be otherwise damaged under stressed environments [55, 56] . Several key molecular regulators for mitochondrial fusion, including Mfn1, Mfn2, and Opa1, were downregulated in 6-week-old Nrf1-deficient rods. Because loss of any of these genes causes defects in mitochondrial fusion, impairs mitochondrial oxidative phosphorylation, and eventually leads to apoptosis, it is likely that defective mitochondrial fusion in Nrf1-null rods is a major cause of rod degeneration. Consistent with this, ewg, the Drosophila homolog of Nrf1, has been shown to play a role in regulating mitochondrial fusion and expression of the Opa1-like gene during muscle growth in the fly [57] . It is noteworthy that mutations in human OPA1, a direct target of human NRF1, are the cause of autosomal dominant optic atrophy [58] , which leads to retinal ganglion cell death. Thus, it would be interesting to test whether downregulation of Nrf1 contributes to RGC death in several glaucoma animal models.
For mammals with vascular retinas, mitochondria in the rod PRs migrate toward and localize in the outer part of the IS (the ellipsoid) for oxygen supplied from choriocapillaris [59, 60] . In Nrf1-null rods, however, mitochondria were often trapped near the base of the outer limiting membrane. Proper mitochondrial trafficking within a neuron is critical for clearing the older, damaged components and delivering the new materials encoded by nuclear genes [61] . It is therefore conceivable that mitochondrial trafficking defects in Nrf1-mutant retinas also contribute to the death of rod PRs.
Many mouse models of inherited retinal degenerative disease have been established to understand disease mechanisms and design treatment strategies for human diseases [62, 63] . In our study, we showed that Rho-iCre efficiently and specifically deleted Nrf1 in rod cells as early as P10; however, the Nrf1-deficient rods degenerated at a relatively slow pace. By 4 weeks of age, we did not find histological differences between the controls and mutants. The first sign of degeneration in rod-Nrf1 mutants was the slight thinning of the ONLs and OSs and the reduction of the scotopic a-wave amplitudes. It took approximately 3 months for the Nrf1-deficient rods to completely degenerate. The reason for such resiliency is currently unknown. It is possible that the glycolysis pathway partially supports the energy demand in Nrf1-deficient rods. Alternatively, other transcriptional factors and epigenetic memory may transiently compensate for the loss of Nrf1 to maintain the expression of Nrf1-regulated downstream genes. Nevertheless, the slow, progressive rod degeneration found in this new mouse model offers a unique opportunity to investigate how defective mitochondrial biogenesis affects different cellular processes whose defects frequently link to retinal degeneration. Furthermore, mitochondrial function declines with age and is associated with age-related disorders and cell death. It is of interest to test whether any of components in the Nrf1-regulated mitochondrial biogenesis pathway are associated with aging retinas and whether they can be used as therapeutic targets for ameliorating retinal degenerative diseases.
Conclusions
Our findings confirm some of the known functions of Nrf1 that were previously revealed mainly through in vitro studies. Additionally, we uncovered a novel role for Nrf1 in metabolic reprogramming, although the degree to which Nrf1 is involved in this process during neural development remains to be determined. Our data also shed new light on how dysfunctional mitochondrial biogenesis may be involved in various neurodegenerative diseases. For example, we have shown that RPCs and newly differentiated RGCs are very sensitive to Nrf1 deletion. In contrast, rod PRs, an energy demanding neuronal type, are much more tolerant of Nrf1 deletion. We also found that the terminally differentiated RGCs are less sensitive to Nrf1 deletion (data not shown). This difference may be in part due to the varying roles of Nrf1 in different cell types and developmental stages; however, it also suggests that different neuronal tissues and cell lineages may have diverse sensitivities to mitochondrial defects. Future experiments using tissue-and cell-specific Nrf1 deletions will be critical in directly addressing how dysfunctional mitochondrial biogenesis contributes to the pathology and disease progression in neurodegenerative diseases. 
